Multiple sclerosis (MS) is an autoimmune disorder characterised by clinical relapse and remission and pathological demyelination with varying inflammation. Because it is suggested that T-cells expressing natural killer cell receptors (NKR) play important roles in regulating human autoimmune diseases, we have quantified populations T-cells expressing the NKR CD56, CD161 and CD94 in the peripheral blood of MS patients, in healthy control subjects (HS) and in patients with other neurological diseases (OND). CD161 + T-cells and CD94 + T-cells were significantly decreased in MS patients with primary progressive disease and secondarily change progressive disease respectively whereas CD56 + T-cell numbers were unchanged. In contrast NKT-cells that express the invariant V α 24-J α 18 + T-cell receptor identified here by specific receptor antibody and CD1d-tetrameric PBS57-loaded complexes, were increased in MS patients compared with HS. Reductions in CD161 + T-cells and CD94 + T cells relative to HS were also observed in the OND group and this was particularly prominent in Parkinsonian patients. A striking functional finding was that while NKT-cells in unfractionated peripheral blood from healthy subjects expanded in number and produced IFN-γ upon stimulation with α-galactosylceramide, NKT-cells from MS patients did not. Thus we have identified alterations in a number of potentially important lymphocyte sub-populations warranting further investigation in the immune response in MS.
Introduction
Multiple sclerosis (MS) is an acute and chronic demyelinating disease affecting the central nervous system that is clinically characterised by periods of relapse and remission and usually by a progressive course [1] [2] [3] [4] . While the immune response, and especially autoreactive T-cells, are generally believed to mediate the pathology, much remains to be understood about how this process is generated [5] . T-cells of the Th-1 (T helper-1) cytokine profile can be cloned from the peripheral blood of patients with MS. These cells secrete large amounts of interferon-(IFN-γ) upon recognition of components of myelin [6] [7] [8] [9] .
Several types of regulatory cell populations are believed to be involved in suppression of disease development or in prevention of MS, or indeed in promoting recovery in patients with relapsing-remitting disease. Regulatory roles for CD8 + T-cells [10] , for B-cells [11] and for natural killer (NK−) cells [12] in suppressing the pathogenic Th1-cells in experimental autoimmune encephalitis, the animal model of MS, have previously been reported. However, the situation in human MS is less clear cut, and while several immune cell abnormalities have been described in MS [13] including reductions in the numbers of NK-cells [14] , in natural killer T-cells (NKT-cells) [15, 16] , and in CD8 + T-regulatory cells [17] , the relative contributions of individual regulatory cell subsets remains to be clearly defined.
In recent years an important role for T-cells which bear natural killer (NK) receptors has been recognised in regulating autoimmunity [18, 19] . Included in this group are the invariant NKT-cells which express NK-cell surface receptors and a highly restricted T-cell receptor (TCR) repertoire, encoded by V α 24 and J α 18 genes in humans [20] . NKT-cells produce large amounts of interleukin-(IL-) 4 and IFN-γ , are activated by α-galactosylceramide ( α-GalCer) presented by the CD1d molecule [21] and display diverse effector mechanisms participating in tumour surveillance [22] and in regulation of autoimmune diseases [19] . Altered numbers and functions of NKT-cells have been previously reported in MS [15, 16, 23] and stimulation with α-GalCer can suppress Th1-mediated disease by inducing IL-4 secretion [24] .
The low frequency of CD1d-restricted NKT-cells expressing the invariant V α 24J α 18 + TCR in peripheral blood of healthy human subjects [25] raises debate over the potential role of these cells to prevent autoimmune diseases. Nonetheless, other T-cell subsets which lack an invariant TCR but which express various NK receptors, including CD56, CD57, CD161, CD94 and killer Ig-like receptors, are more abundant in peripheral blood. These natural killer receptor-positive (NKR + ) T-cell populations have been reported to share some functional similarities with murine NKT-cells [26] [27] [28] . CD56 is a marker which correlates with the cytotoxic function of CD8 + T-cells [29] . CD56 + T-cells display both NK-like and T-cell restricted cytotoxicity and are capable of secreting cytokines, including IFN-γ , TNF-α and IL-4 which promote Th1 and Th2 adaptive immune responses [26, 30] . CD161 is a costimulatory molecule that regulates the activity of CD1d-dependent T-cells [31] . CD94 expression on T-cells is considered protective against viral infection and against the potential development of autoimmunity [32] . T-cells bearing NKRs together with innate lymphocyte populations like γ δ T-cells, act as front-line immune regulatory cells [33, 34] . The mechanisms controlling the expression of NKRs on T-cells still remain to be elucidated, although cytokines may have significant roles in determining their expression [35] .
Given that NKR + T-cells which include NKT-cells represent functionally distinct populations it seems crucial to examine these individual populations in order to begin to clarify immune response regulation in MS. The primary aims of this study were firstly, to evaluate the expression of the NK receptors CD56, CD161 and CD94 on peripheral blood T-cells freshly isolated from MS patients compared with healthy subjects; and secondly, to compare the numbers of invariant NKT-cells in MS and controls and thirdly to investigate the response of NKT-cells to α-GalCer in these two groups. While reduced numbers of invariant NKT-cells have been previously reported in the peripheral blood of MS patients, particularly in clinical remission [15, 23, 36] , these studies did not address the response to α-GalCer or the issue of whether NKR + T-cells may participate in the local regulation of MS. Due to the central role of NKR + T-cells in immunity, a study evaluating their numbers in MS, and especially encompassing the clinical spectrum of MS disease activity, was carried out.
Materials and methods

Subjects
All of the MS patients studied were diagnosed using standard clinical criteria including MRI scanning and cerebrospinal fluid examination [37] . Patients were classed as relapsingremitting MS (RR-MS, n=23), secondarily progressive MS (SP-MS, n=10), and primary progressive MS (PP-MS, n=7). As controls, patients with other neurological diseases (OND, n=27), subdivided into non-inflammatory (NI-OND, n=22) and inflammatory (I-OND, n=5) subgroups, as well as healthy control subjects (n=38) were studied. The clinical diagnoses of subjects in the NI-OND and I-OND subgroups are listed in Table 1 . The MS patients ranged from 22-64 years of age (female: male, 3.5), the OND patients from 34-81 (female: male, 2.7) and the healthy subjects from 21 to 30 years (female: male, 1.5). In all cases, informed consent was obtained from each individual. Ethical approval for this study was obtained from the University College Hospital Galway Ethics Committee and from the National University of Ireland, Galway Research Ethics Committee.
Our first study of the clinical phenotypes of circulating NKR + T-cells surveyed 69 patients and controls employing a masked protocol in order to minimize clinical and technical bias. To determine whether treatment affected NKR + T-cell numbers, the study was subsequently expanded to include 14 MS patients naïve to therapy. The study of invariant NKT-cell frequencies and the analysis of peripheral blood lymphocyte responses to α-GalCer examined MS subjects who were all naïve to immunomodulatory therapy with interferons or glatiramer.
Peripheral blood mononuclear cell (PBMC) isolation
PBMCs were isolated by conventional density gradient centrifugation. Briefly, peripheral blood was layered over Histopaque (5 ml; Sigma Chemical Co., St. Louis, MO) and centrifuged (300 x g, 25 min), the resulting buffy coat carefully removed, and washed twice with Hank's Balanced Salts Solution (Gibco, Paisley,UK). Finally cells were re-suspended in complete RPMI 1640 medium (Gibco) containing 10% foetal calf serum, L-glutamine, and penicillin/streptomycin before counting.
Staining antibodies and flow cytometry
Fluorochrome-labelled monoclonal antibodies specific for human CD3 (Cy5), CD56 (fluorescein isothiocyanate-FITC), CD94 (FITC), CD161(FITC), and isotype-matched controls were obtained from Serotec (Oxford, UK). Monoclonal anti-V α 24 antibody labelled with phycoerythrin (PE) was obtained from Coulter Immunotech (Marseilles, France) and anti-V α 24J α 18-PE, specific for invariant NKT cells [38] from BD Pharmingen (Oxford, UK). Cell suspensions were derived from peripheral blood and cell counts adjusted in complete RPMI medium. Two-and three-colour flow cytometry was performed by staining 1 x 10 5 cells with 4 μl of the relevant monoclonal antibodies at 4°C. After washing with phosphate-buffered saline (0.1 M, pH 7.0) containing 1% bovine serum albumin (PBS-BSA), cells were fixed in 500 μl of Cellfix (BD Biosciences, Oxford, UK) prior to acquisition and analysis using FACsCalibur ® and CellQuest ® lysis software (Becton Dickinson, Oxford, UK).
To investigate the presence of CD1d-restricted (or invariant) NKT-cells amongst peripheral blood lymphocytes, PBMCs were stained using PBS57-loaded CD1d tetramers labelled with PE as fluorochrome (kindly provided by the National Institute of Health tetramer-facility at Emory University, Atlanta, Georgia). PBS57 is an analogue of α-GalCer which is a ligand for the invariant TCR on NKT-cells [21] . The activity of PBS57 is indistinguishable from α-GalCer but is more soluble [39] . For staining, 1 x 10 5 cells were incubated with a 1:100 dilution of the PBS57-loaded tetramers for 1 h at 4°C. As a negative control, cells were also stained with unloaded tetramer. After incubation, cells were washed in PBS-BSA, surface stained with fluorochrome-labelled anti-CD3 antibody, and following a 30 min incubation at 4°C and washing with PBS-BSA, cells were acquired and analysed by flow cytometry as described above.
NKT-cell response to α-GalCer
10 6 PBMC were cultured in 24-well tissue culture plates in the presence of 10 μg/ml α-GalCer (Alexis Biochemicals, San Diego, USA), or medium alone as control. After 7 days in culture, the numbers of invariant NKT-cells in stimulated and unstimulated cultures were compared using flow cytometry (see above).
For measurement of IFN-γ production, supernatants were collected from the above cultures at 72-120 hours. IFN-γ released by unstimulated (medium alone) and α-GalCer stimulated cells was measured using the capture ELISA system from R&D Systems, Oxon, UK.
Statistics
Differences between groups of non-parametric data were analysed using the Mann-Whitney U statistic using Graphpad Instat ® software (GraphPad Software Inc); P < 0.05 was considered as significant.
Results
Representative patterns of natural killer receptor expression on peripheral blood Tcells
Using flow cytometry, we defined NKR + T-cells as CD3 + T-cells expressing the NK-cell markers CD56, CD161 or CD94. The percentages of T-cells amongst peripheral blood mononuclear cells were determined firstly in healthy control subjects, of which representative dot plots are shown in Fig. 1 . Overall in healthy subjects, the frequencies of CD161 + T-cells and CD94 + T-cells were similar, with median values of 12.5% and 12.1%, respectively. A smaller proportion (6.7%) of T-cells expressed the CD56 marker (Fig. 1). 
NKR + T-cells in neurological disease
When NKR + T-cell populations were examined in patients with neurological diseases, including all of the MS and OND patients, the proportion of T-cells expressing CD161 was significantly reduced compared with healthy subjects (median, 7.15% versus 12.5%; P = 0.0009). Likewise, a significant decrease (P = 0.01) was observed in the frequency of CD94 + T-cells in the neurological disease group compared with healthy subjects (medians, 8.3% versus 12.1%). CD56 + T-cells in the neurological disease group were less frequently detected (median, 6.4%) compared with either CD161 + T-cells or CD94 + T-cells, but there was no significant difference in the numbers of these cells compared with healthy subjects (median, 6.7%).
The composition of NKR + T-cells was then examined in subgroups of MS patients (relapsing remitting (RR)-MS, primary progressive (PP)-MS and secondary progressive (SP)-MS) and in inflammatory and non-inflammatory other neurological disease control groups (I-OND and NI-OND respectively)( Fig. 2(a-c) ). The proportion of CD161 + T-cells was significantly reduced in the PP-MS (median, 7.2%; P = 0.04), in the I-OND group (7.4%; P = 0.03) and in the NI-OND group (4.7%; P =0.0001), but not in the RR-MS or in the SP-MS patient groups compared with healthy subjects. It is noteworthy that when studied in three PP-MS patients, the extent of the reduction in CD161 + T-cells in relation to EDSS scores (range 5-7) was directly proportional to disability. The numbers of CD94 + Tcells were also significantly reduced in the SP-MS group (median, 4.9%; P = 0.04) and in the NI-OND group (6.7%; P = 0.001) but not in the RR-MS, PP-MS or in the I-OND patient groups compared with healthy subjects. For the six SP-MS patients studied, the EDSS disability scores (range 4-6.5) correlated with and were inversely proportional to the reduction in CD94 + T-cell numbers. There was no significant difference in the CD56 + T-cell numbers in the MS patient groups (median values ranging from 5.32% in SP-MS to 7.32% in RR-MS) and in the OND patient groups (median values for I-OND and NI-OND, 8.5% and 6.26%, respectively) compared with healthy subjects. Hence, significant changes in Tcells expressing CD161 or CD94, but not CD56, were found in subgroups of MS patients (i.e., PP-MS and SP-MS groups) and also in OND patients. The large reduction in CD161 + and CD94 + T-cells in the NI-OND group is noteworthy: this unanticipated observation was surprising, and may be related to the prominence of Parkinson's disease in this group. Five of the 6 patients with this disease had reduced numbers of NKR + T-cells compared with healthy subjects (see discussion).
Immunomodulatory therapy had been prescribed in 17 of the 26 MS patients who were studied here and was equally distributed between the interferons (IFN-1 α , IFN-1β ) and glatiramer acetate. In the study design used in the initial NKR + T-cell phenotyping experiments, a blinded protocol was used in order to minimize intrusion of observer or technical bias. Because of the possibility that the therapy might influence the circulating numbers of NKR + T-cells, we compared the frequencies of CD161 + and CD94 + T-cell populations in a further 10 MS patients receiving no treatment. The results showed that there were no significant differences in the percentages of CD161 + T-cells and CD94 + in untreated compared with treated MS patients ( Fig. 2(d) ).
Increased numbers of NKT-cells in MS but lack of response to α-GalCer
It has previously been shown that the expression of the V α 24J α 18 + TCR chain [20] , or the use of CD1d-loaded tetramers [40] defines invariant CD1d-restricted NKT-cell populations. Therefore, flow cytometry was used firstly to quantify total numbers of V α 24 + T-cells amongst the CD3 + populations of lymphocytes and, secondly, to quantify the expression of the invariant V α 24J α 18 + T-cell receptor using specific antibodies and PBS57 loaded CD1d tetramers. As shown in Fig. 3 , a small minority of circulating T-cells expressed the V α 24 + TCR, but there was no significant difference in the total numbers of V α 24 + T-cells in the MS (median ranging from of 0.77% in the PP-MS to 1.2% in the SP-MS group) or OND patient groups (I-OND, 0.89%; NI-OND, 0.93%) compared with healthy subjects (median, 0.87%). The proportion of T-cells expressing the invariant V α 24J α 18 + TCR was significantly increased in the MS patient group (medians, 0.71%; P = 0.02) compared with HS (median, 0.41 %) and in the OND group (median, 0.70 %) but not significantly so. When the MS subgroups were analysed, the significant increases in NKT-cell numbers were identified in the RR-MS group only (median, 0.7%) and not in the PP-MS group (median, 0.47%) or the SP-MS group (median, 0.43%). Likewise, when CD1d tetramers were used to identify the invariant T-cell population, the findings were similar to those using the invariant TCR chain antibody (Fig. 3) . Thus, changes in the numbers of invariant NKT-cells were found in the MS compared with healthy subjects. All MS subjects studied in this group were not on any treatment at the time of analysis. V α 24-J α 18 + NKT cells specifically recognize α-GalCer presented by CD1d [21] . We next examined reactivity to α-GalCer by culturing PBMC from MS subjects (who were untreated, and not receiving any immunomodulatory drugs) with α-GalCer for 7 days. After this time, the proportions of NKT cells were re-examined by flow cytometry. As shown in Fig. 4(a and  b) , in marked contrast to healthy controls where the numbers of invariant NKT cells were significantly expanded after stimulation with α-GalCer, NKT cells from the seven MS subjects failed to respond to α-GalCer. In each of these subjects there was no difference in the proportions of NKT cells in α-GalCer-stimulated cultures compared with unstimulated cells. When IFN-γ levels were measured in the culture supernatants of MS patients (Fig.  4(c) ), there was no significant increase in production in response to α-GalCer stimulation (mean (SD), 123 (134) pg/ml) beyond the levels in unstimulated cultures (202 (254) pg/ml). This was in contrast to healthy subjects where α-GalCer significantly increased the levels of IFN-γ observed in the supernatants (324 (208) pg/ml versus 133 (134) pg/ml) in unstimulated cultures.
Discussion
The pathophysiology of MS is characterised by an exaggerated T-cell response that is believed to be directed at myelin-derived antigen, concomitant with inflammatory cytokine production and a polarized Th1-cell response; features of the characteristic central nervous system plaque lesion [4] [5] [6] [7] [8] [9] . Many lymphocyte subsets have been implicated as the immune cells involved in mediating this, but the present study focused on NKR + T-cells including NKT-cells in the peripheral blood of MS patients. The study design included sampling of patients at different stages and levels of disease activity and from the application not only of CD1d tetrameric complexes but also specific monoclonal antibodies to identify CD1d-restricted invariant NKT-cells. Overall, this study indicates that the numbers of NKR + Tcells expressing CD161 and CD94 are decreased in MS patients while circulating levels of NKT-cells were significantly increased compared with controls. Importantly NKT-cells from MS patients failed to respond to stimulation with α-GalCer consistent with a state of anergy that may be induced by prior exposure to antigens eliciting innate immune responses and including lipids and glycolipids. NKR + T-cells constitute a heterogenous cell population which represents a significant proportion of the total T-cell population [18, 19] . In this study, CD161 + T-cells and CD94 + T-cells accounted for approximately 12% of the total CD3 + T-cell population in healthy subjects, consistent with previous reports [41] [42] [43] . There were fewer CD56 + T-cells than either CD161 + T-cells or CD94 + T-cells; again consistent with previous findings [44] . In MS, decreased numbers of CD161 + T-cells were found, specifically in the PP-MS group compared with healthy subjects. The CD161 surface molecule is a memory cell marker which is co-stimulatory for CD1d restricted NKT-cells [31] and is involved in regulating lymphocyte transmigration [45] . Moreover, Poggi et al. [46] demonstrated an increased number of γ δ + T-cells expressing CD161 in peripheral blood from MS patients. This they propose confers upon γ δ + T-cells an increased ability to cross the vascular endothelium and contribute to demyelination. The potential role of CD161 + T-cells, including a regulatory role, in MS may be inferred from their capability to secrete IFN-γ upon stimulation [28] . Furthermore, the numbers of CD94 + T-cells were decreased in MS patients and specifically in the SP-MS group. CD94 recognises and binds HLA-E, and ligation can be stimulatory or inhibitory for T-cells and NK-cells depending upon the dimerisation status of this molecule [47, 48] . Signals generated upon binding usually protect healthy cells against autoimmune lysis during infection or malignancy [49] . While changes in numbers were found, further studies, and especially functional ones, to delineate the exact role of this cell population are needed. We would emphasize that the reduction in the proportions of NKR + T-cells in MS may be clinically relevant since reduced numbers could insufficiently activate populations required for controlling disease activity: this has been shown for the functional activities of NKR + T-cells in tumour immunity [50] . Given the immunoregulatory role of NKR + T-cells, a loss in the numbers of specific subsets of NKR + T-cells could contribute to lack of control of Th1-cell activity. Importantly, the reductions in these NKR + T cell numbers may reflect a decrease in immune inhibition with consequent progression of the neuro-degenerative phase of MS. We noted a trend to reduction of certain cell phenotypes in MS subsets with relative reduction of CD161 + T cells proportional to EDSS-scored disability for PP-MS and reduction of CD94 + T cells for SP-MS, but the numbers of MS patients in these subgroups were insufficient for statistical corroboration.
Although the majority of NKT-cells in mice express the invariant V α 14J α 18 + TCR chain [51] , only ≤ 1% of T-cells of individuals in this study expressed the homologous V α 24J α 18 + TCR. The results here are consistent with those showing that invariant NKT-cells in humans occur in low numbers in peripheral blood [25] . In MS, NKT cell numbers were significantly higher in frequency compared with healthy subjects which contrasts with previous reports of no difference [36] or reductions [15, 16, 23] in circulating levels of NKT cells in MS. The differences in findings between these studies may reflect the various methods used (single-strand conformation polymorphism [15] , flow cytometry [23] and mRNA analysis with a J α 18 specific fluorescent probe [16] for identification of invariant NKT-cells, the study populations, and that any changes observed were small in a minor population of cells. Notably, our results obtained with two differing approaches, i.e. using α-GalCer-loaded CD1d tetrameric complexes and monoclonal antibodies to identify CD1d-restricted NKT-cells, strengthen the conclusion that there are significant differences in the numbers of CD1d-restricted NKT-cells in the MS compared to control patients. It is however more striking that while the proportions of invariant NKT-cells are elevated in freshly isolated peripheral blood of MS patients compared with healthy controls, the response to α-GalCer stimulation is also markedly different. The invariant NKT-cells of healthy controls significantly expanded in number following stimulation with α-GalCer while in MS the proportions of NKT cells remained the same before and after α-GalCer stimulation. Moreover, α-GalCer did not induce IFN-γ production in MS subjects indicating a hypo-responsiveness of NKT cells in vitro. The results suggest that some functions of NKT cells in MS are impaired in ways similar to patients with advanced cancers [52, 53] . Administration of α-GalCer is a possible therapeutic agent in MS [24] in light of the effects upon murine EAE [54] , and hence our findings carry significant implications for MS immunotherapy that would curb this enthusiasm somewhat.
The results of this study showed that reduced numbers of both CD161 + T-cells and CD94 + T-cells and increased numbers of NKT-cells were found in OND patients, in particular the non-inflammatory subgroup. These individuals were afflicted with Parkinson's disease, headaches, epilepsy, burning leg discomfort, etc. The disease processes in these patients may have involved neuro-degeneration: Parkinson's disease is a degenerative disease, and five of six such patients had severe reductions of NKR + T-cells (Hogan et al., unpublished results). Alternatively, the pharmacological therapy for the OND patients may have influenced the peripheral blood subsets. Further evaluation of the functionality and antigenic specificities of the NKR + T-cells are required to clarify their putative roles in relation to MS pathogenesis.
In conclusion, the results of the present study show that in the studied MS patients, the numbers of circulating NKR + T-cells and NKT-cells are altered compared to healthy subjects and that peripheral blood NKT-cell reactivity against α-GalCer was markedly impaired in MS. Though it cannot be excluded that the differences observed between MS patient and healthy subject groups may in part reflect other clinical factors, these findings have identified a number of potentially important lymphocyte sub-populations that warrant further investigation in the immune response in MS pathogenesis. 
